. n the construction of pretensioned concrete beams, prestressing strands are concentrated in the bottom of the cross section to provide maximum efficiency to resist fl ex ural loads. Because of the concentrated prestressi ng force, the allowable tensile and/or compressive stresses can be exceeded in the end regions of a simply supported beam.
I
. n the construction of pretensioned concrete beams, prestressing strands are concentrated in the bottom of the cross section to provide maximum efficiency to resist fl ex ural loads. Because of the concentrated prestressi ng force, the allowable tensile and/or compressive stresses can be exceeded in the end regions of a simply supported beam.
In the middle regions of a beam, pretensioned stresses are balanced by the dead weight of the member. The traditional method for relieving overstresses in the end regions has been to drape strands upward toward the ends of a pretensio ned beam, changin g the center of gravi ty of the strands and effectively reducing concrete stresses at a beam's ends.
The debonding, or blanketing, of strands is an alternative to draping strands in an effort to control the maximum tensile and compressive stresses in pretensioned concrete highway girders. Debonding, by definition, is the intentional breaking of bond between prestressing strand and concrete. This can be done by applying grease to the strands in the regions requiring debonding; however, the most common practice is to wrap specially made split plastic tubing around the strand to prevent bond of the strand to the concrete. Debonding strands can simplify girder construction; draping of strands is more difficult and more dangerous. Debonding of strands likewise exhibits economic advantages when compared to draping of strands.
Rules governing the use of debonded strands have been established on the basis of limited empirical data 3 .. and engineering judgment. Under current code provisions, the required development length for debonded strand is twice the basic development length, except when zero concrete tension is allowed under service load conditions. These provisions are to prevent beam failure due to the special behavior associated with debonded strand, most notably the possibility of bond failure and subsequent reduction in strength of the member.
A series of static flexural tests were performed on prestressed concrete beams containing debonded pretensioned strands. An analytical model was developed that predicts anchorage failure of debonded strands whenever cracking propagates through the transfer zone of the debonded strands. The test results exhibit excellent correlation with the predicted behavior. From the tests discussed in this study and further development of the models predicting bond failure, design of pretensioned beams with debonded strands should prove to be both economical and safe.
This article is the first of three articles that summarize a comprehensive testing program conducted at the University of Texas to investigate the behavior of pretensioned beams made with debonded strands. This first arti-
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cle reports the test results from beams that were tested with monotonic loads. The second article will report the test results from beams that were subjected to fatigue loads and the third article will draw conclusions from the first and second articles to develop and recommend design guidelines for the use of debonded strands.
CURRENT AASHTO ANDACI CODE REQUIREMENTS
Current code provisions of the American Concrete Institute (ACI)' and the American Association of State Highway and Transportation Officials (AASHT0) 2 governing the use of debonded strands are nearly identical. The ACI Code provision is listed as follows:
ACI Section 12.9.3 -"Where bonding of a strand does not extend to end of member, and design includes tension at service load in precompressed tensile zone, as permitted by Section 18.4.2., development length specified in Section 12.9.1 shall be doubled." The basic development length is given in ACI Section 12.9.1 as: Ld = ( J,. ,-~ fse )db (1) Therefore, based on currently accepted practices and materials, This provision requires that debonded strands be bonded for a length equal to twice the required development length for fully bonded strands . An exception is allowed if tension is not allowed in the bottom fiber of the prestressed beam for the service load calculation.
The two times provision is based largely on empirical data obtained from tests conducted by Kaar and Magura (1965) . 3 In these tests, beam failures were caused by anchorage failure of the debonded strands if the bonded length was only one times the bonded length given by ACI 12.9.1. On the other hand, when twice the bonded length of ACI 12.9.1 was provided, the beams failed in flexure and strands were fully developed.
In 1979, tests conducted by Rabbat, Kaar, Russell, and Bruce 4 demonstrated that if zero tension were allowed in the concrete at service load, then debonded strands required only one times the development length given by ACI 12.9.1.
Current code provisions reflect the behavioral uncertainty that surrounds the use of debonded strands. Even though the AASHTO Specifications allow debonded strands, many state DOTs do not specify their use because they fear that debonding strands significantly weakens the pretensioned beam. The states of Texas and Oklahoma do not currently allow debonded strands as an alternative to draping strands for I-shaped girders, but they do allow debonded strands in box shapes and other cross sections.
THEORETICAL· DEVELOPMENT
The theoretical development predicting the failure behavior of prestressed concrete beams made with debonding strands is simple and straightforward and can be summarized in the following three statements:
1. Cracking through the transfer zone of a pretensioned strand will cause that strand to fail in bond.
2. Debonding strands decreases a beam's resistance to both flexural cracking and web shear cracking in the end regions of a beam.
3. The relationship between bond failure and cracking can be refined and employed to predict the behavior of beams made with de bonded strands.
Influence of Cracking on Bond
In early research conducted on the anchorage of pretensioned wires, Janney (1954)' predicted that anchorage would fail if a "wave of high bond stress" reaches the transfer zone of the pretensioned wire. He reasoned that because prestress bond developed primarily through the wedging action from Hoyer's effect, bond failure would result if the strand in the transfer zone were required to carry additional tension from external loads.
Mom
(K-In) Fig. 1 . Effects of debonding strands on the effective prestress force, cracking moment and web cracking shear in end regions of pretensioned beams.
(Hoyer's effect refers to the wedging action that results from Poisson's effect as a pretensioned strand attempts to expand laterally against the concrete in the end regions of a pretensioned member, after the pretensioning force has been released.)
Increases in strand tension cause the strand diameter to diminish; wedging action is destroyed as a result. Flexural tests conducted by Hanson and Kaar (1959) 6 verified that pretensioned anchorage was destroyed when strand tension increased near the transfer zone.
Research conducted at The University of Texas at Austin 7 • 8 demonstrated that increases in strand tension and subsequent anchorage failures were caused by cracking that propagated through or near the transfer zone of strands. When a crack forms in concrete, tension in the pretensioned steel necessarily increases to resist addi-62 tiona! tensile forces required by external loads; tension in the concrete is relieved by the crack. Increases in strand tension, in turn, cause the diameter of the strand to diminish.
Additional s trand ten sio n is restrained by bond stresses between the concrete and the steel. Compatibility dictates that local bond slip of the strand must occur over some finite distance immediately adjacent to the crack and the length of bond slip is approximately equal to the length over which the increased tension in the steel is equilibrated by bond stresses. In this manner, cracking causes a "wave of high bond stress" immediately adjacent to a concrete crack.
In pretensioned concrete beams, this mechanism causes anchorage failure whenever a crack forms within or near the transfer zone of a strand. As the concrete cracks, tension in the strand at the crack location must increase. As strand tension increases, strand diameter decreases. In the transfer zone, the strand's lateral expansion that occurred at transfer is negated, and the transfer bond from Hoyer's effect is lost, at least locally.
As the wedging action from Hoyer's effect is eliminated, the strand will slip through the concrete. Upon increased loading, the anchorage of the strands can be expected to fail completely. In this manner, the behavioral model for predicting bond failure of debonded prestressing strands is directly related to a prediction for cracking in the debond/transfer zone of pretensioned concrete girders.
Stated simply, strand anchorage failures are predicted when concrete cracks propagate through or near the transfer zones of pretensioned strands. Furthermore, because cracking in the concrete can be reliably predicted, bond failure of the prestressing strand can also be predicted.
Debonding Strands: Lower Effective Prestress Force
By debonding strands, the effective prestress force is reduced in the end regions of the beams, when compared with beams that contain fully bonded strands. In turn, because of the reduced effective prestress force, debonding of s trands also lessen s a beam's resistance to flexural cracking and to web shear cracking. This is demonstrated in Fig . 1 , where the effective prestress force is plotted against the length of a beam taken from this test series, Specimen DB850-5. The beam is shown in the top portion of the figure; note that the debonded length is 78 in. (1.98 m). Specimen DB850-5 contained eight strands in total, four of which were debonded. [Authors' note: For each design case, the debonded length, Lb. is arbitrarily selected by the designer. The explanation for the selection of Lb = 78 in. (1.98 m) for this test series is found in the section titled, "Bond Failure Prediction Model."] Fig. 1 illustrates the increase in the effective prestress force from the end of the beam through the debonded length of the beam and the transfer zone of the debonded strands, until the prestress force is fully effective. Mirroring the increases in prestress force are similar increases in the beam's resistance to flexural cracking, Mer• and the beam 's resistance to web cracking, V cw· As show n in Fig. 1 The transfer length assumed for these models is 25 in. (635 mm), an approximate average of the measured transfer lengths from earlier testing. 9 For many of the AASHTO-type beams, the measured transfer length was actually less than 25 in. (635 rnm), but for other beams it was much larger than 25 in. (635 rnm). It should be noted that longer transfer lengths will adversely affect a beam's behavior because the region of reduced prestress is extended towards the middle of the beam.
Staggered Debonding vs. Concurrent Debonding
In the figure, dashed lines are shown labeled "Staggered Debond." The solid line is denoted as "Concurrent Debond." In beams with staggered debonding, the termination points of various strands are "staggered," meaning that the debonded length varies from strand to strand. In concurrently debonded beams, the termination point is the same for all of the debonded strands. The debond length, Lb, was 78 in. (1.98 m) for both specimens; however, the behavior of concurrently debonded specimens was quite different from specimens with staggered debonding. Staggering the debonding has the effect of gradually increasing the effective prestress force through the debonded regions, thus improving the beam's resistance to cracking.
For the purposes of these tests, the concurrently debonded specimens help dramatize the results . Also, they illustrate some of the special problems inherent with concurrently debonded specimens. Staggered debonding is recommended based on the tests performed in this research.
Debonding Strands: Effects on Flexural Cracking
The impact of debonding is shown in Fig. 2 where applied moment is compared to the beam's cracking moment, Mer· Here, Mer is defined as the applied moment that causes flexural cracking in the bottom tension fiber of the cross section; it is calculated based on a bottom fiber tension equal to the modulus of rupture, 7.5 {.1;. Mer is a property of the beam and is dependent on the cross section properties and the effective prestress force.
As shown in the figure, the cracking moment increases as the effective prestress force increases. Again, the difference between the "concurrently debonded" specimens and the "staggered debonded" specimens is displayed in the figure.
At the end of the beam, the effective prestress force is zero and the cracking moment is given by the section modulus multiplied by the modulus of rupture: Mer = sb X 7.5 {.1;. Progressing from the end of the beam, Mer increases due to the corresponding increase in the effective prestress force. Outside the initial transfer zone, Mer remains approximately constant until the debonded strands become bonded and additional prestressing force is transferred to the concrete. At the end of the second transfer zone, the beam exhibits the fully effective prestress force from all its strands. Not until this point does the beam' s resistance to flexural cracking reach its full potential.
As external load is applied to the beam, the applied moment increases linearly from the support to the load point (where dead load moment is neglected). As the load increases, the moment also increases; flexural cracking can be expected wherever the applied moment exceeds the cracking moment. From Fig. 2 , flexural crack- ing will occur primarily in the regions of the largest applied moment, near the load point. As load increases, the region of flexural cracking expands with the region where the applied moment exceeds Mer· In a beam with fully bonded strands, only one region of flexural cracking would be expected. However , in beams with debonded strands, flexural cracking can occur in the debond/ transfer zone, toward the end regions of the beam. In this example, the cracking moment for the debond/ transfer zone is exceeded before the 64 nominal flexural capacity of the section is achieved, as shown in Fig. 2 .
According to the behavioral model outlined above, cracking in the transfer zone of the debonded strand will cause the debonded strand s to slip, creating the physical conditions that make bond failure probable. In fact, the flexural test on Specimen DB850-5A resulted in bond failure of the debonded strands, as a direct result of cracking in the debond/transfer zone. Fig. 2 also illustrates that staggered debonding precludes cracking in the debond/transfer zone.
Bond Failure Prediction Model
The preceding sections show that debonding some pretensioned strands has the effect of reducing the effective prestress force in the end regions of a beam, when compared to beams made with fully bonded strands. A beam 's resistance to flexural and shear cracking is also reduced . Furthermore , cracking in the transfer zone of a strand will cause that strand to slip or fail in bond . It follows that if these principles are app li ed to design , the probable bond failures of debonded strands can be predicted . Likewise, debonding patterns could be designed so that bond failures of the debonded strands wou ld not occur.
In Fig. 3 , Line OA represents the applied moment for the embedment length that divides bond fai lure from flexural failure. At Point 0 , the applied moment is zero. (Point 0 is located approximately at the end of the beam.) Point A designates the location where load is applied (and consequently , the point of maximum moment). In thi s illustration, Point A is selected so that Line OA passes through a third point, within the debond/transfer zone where the applied moment intersects the beam 's cracking moment.
If the embedment length , L., were increased, the line of applied moment would move to the right and flexural cracking would occur only in regions outside the debond/transfer zone. Strand anchorage wou ld be undi sturbed by flexural cracking and, consequently, the beam could be expected to ac hieve its flexural capacity and bond failures would not occur.
However, if the embedment length were decreased, the line of applied moment would move to the left and the beam 's cracking moment would be exceeded in the transfer zone of the debonded strand s (debond/transfer zone). The shorter embedment length would be expected to produce a strand bond fai lure before the flexural capacity of the beam was reached .
In thi s model , Line OA forms a boundary line between flexural failures and bond failures. From similar triangles, Line OA is defined by the relationship:
,.,. ,.,. A relationship can also be established that predicts the occurrence of web shear cracking. Web shear cracking was shown to cause anchorage failures in many pretensioned 1-shaped beams,
The relationship predicting the occurrence of web shear cracking is given by:
For the test series beams, the value for v cw4 is 40.7 kips (181 kN), calculated at a distance from the support equal to the height of the beam. By substituting the values for Mn and ~w 4 , the equation above reduces to :
This line is shown in Fig. 4 as the Line CC'.
For beams with strands in a staggered debonding pattern, a similar relationship can be established separating bond failure from flexural failure. In Fig. 5 , this condition is given by qne OB. Line OB is defined by the applied moment that would cause flexural cracking to occur at the extreme end of the de bond/transfer zone.
If the load point were moved left and strand embedment were shortened, then cracking would occur in the debond/transfer zone, and bond failure would be predicted. Likewise, if the load point were moved to the right and strand embedment were lengthened, then flexural cracking would occur outside the debond/transfer zone; strand anchorage would be unaffected and flexural failure is likely.
From Fig. 5 , it should be noted that varying combinations of the number of strands that are debonded with varying debonded lengths could produce even more gradual increases in effective prestress force . Therefore, the point of first cracking for a beam with staggered debonding will usually occur at the end of the debond/transfer zone.
The mathematical relationship for Line OBis given by similar triangles: .,.
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.,. lengths, result in bond failures while regions to the right of Line BB' result in flexural failures. Two important facts are illuminated by the plots in Figs. 4 and 6. First, the embedment length necessary to prevent bond failures is dependent on the length of debonding. Second, longer debonded lengths require greater embedment lengths to ensure strand anchorage. Therefore, it is incumbent upon the designer to maintain the debonded lengths of strand at their shortest possible distance. Guidance for the design of debonded lengths is found in Ref. 13 . Fig. 7 . In design , the need for debonding and the lengths of debonding are dictated by the allowable stress requirements. For these tests , the debonded length of 78 in. (1.98 m) was selected because this length offered the greatest range of possible outcomes.
With a debonded length of 78 in . Finally, the figure helps to illustrate the predicted differences between staggered and concurrent debonding patterns. It clearly shows that debonded strands in a staggered debonding pattern should require less strand embedment to develop flexural failures than debonding patterns that are concurrent. From this model, beams with staggered debonding pattern s should demonstrate superior bond performance compared to beams with concurrent debonding patterns.
TESTING PROGRAM
Six flexural tests were performed on four beam specimens. Each beam contained eight 0.5 in. (12.7 mm) diameter strands; four strands in each beam were debonded and four strands were fully bonded to the ends of the beam. The beams possessed nearly identical cross sections, as illustrated in Fig. 8 • "S" denotes staggered debonding; "C"' denotes concurrent debonding.
Debonded Lengths
78" 39" 39" 78" H -4 (S) 78" 39" 39" 78" G -5 (C) 78" 78" 78" 78"
View Lkg North 
1~2~
• -Dimensions vary for each specimen to create a constant moment region between load points.
End Slips
Defl. (584 mm) deep, so its properties varied slightly from the other specimens.
beam was 40ft (12.1 m) in length. Table 1 gives the embedment length, the debonded length, and the type of debonding for each specimen. In Specimens DB850-3 and DB850-4, cutoff points for debonding strands were staggered. Specimens DB850-5 and DB850-6 contained concurrently debonded strand patterns.
Fabrication of Test Specimens
Fabrication of the beams followed the basic procedure outlined as follows: stress strands to 75 percent of J,u, place the mild steel reinforcement, place the debonding material, place the formwork, cast the concrete, cure the concrete in place (approximately two day s), and release the pretensioning (approximately 48 hours after casting).
The debonding material consisted of white plastic tubing, made from semirigid plastic. The plastic tubing was placed on the strand where debonding was required. The tubing' s natural curl snapped it to the strand, providing a reasonably tight fit. The debonding material was sealed with tape at each end, but the seam at the longitudinal split fit tightly and was not taped .
The strands are labeled in Fig. 9 by letters of the alphabet, A through H, to simplify record keeping. The debonding schedule is also shown in the figure. Note that the debonded strands B and G are contained within the core of shear reinforcement.
Materials
Pretensioning strand was donated by Florida Wire and Cable Company (FWCC). The strand surface was "mill condition" as furnished, having been free from exposure to weathering environments. Strand was stored in the laboratory where it was kept reasonably free of rust. Strand from the same Note: 1 in. = 0.0254 m.
• "S" denotes staggered debonding; "C'' denotes concurrent debonding.
t spool was used for all tests . T he strand's ultimate strength was specified at 270 ksi (1860 MPa) and low relaxation strand was used for these tests. The strand ' s ultimate strength was 283 ksi (1950 MPa), as reported by the manufacturer. The concrete strengths were designed to be 4500 psi (31 MPa) at release and 6000 psi (41 MPa) for 28-68 day strength . Concrete strengths for the DB 850 series beams are given in Table 2 .
Testing Apparatus
A typical test setup is show n schematically in Fig. 10 . The dimensio ns illu strate th e se tup for T es t DB 850-3A; debonding for this beam was "staggered ." In this debonding patte rn , debondi ng covered two strands for a length of 78 in. (1.98 m) from the end of the beam while the other two debonded strands were staggered, with debonding terminated at 39 in. (0.99 m). The staggered debonding pattern is denoted with an "S " above the representation for debonded strands. For this test, the embedment length was set at 80 in. (2.03 m) to correspond to the 1.0 ti mes the required development length given by AASHTO Eq. (9-32) .
The embedment length, Le, and span were varied for each test and were defined as the distance from the maximu m moment to the point where debonding was terminated. A constant moment region was maintained between the load points in all of the tests by matching the proportions of the dimensions of the load on top of the spreader beam with the proportions of the overall beam support and load application. The spreader beam spanned 24 in. (610 mm).
The photograph in Fig. 11 shows a test specimen in the testing apparatus, located on the reaction floor at the Phil M. Ferguson Structural Engineering Laboratory, The University of Texas at Austin, Austin, Texas. Load was applied through the hydraulic actuator and spreader beam shown. End slips were measured from the linear potentiometers pictured at the end of the test beam. Each beam was supported by a pinned connection, shown at the near end, and a roller support, shown at the far end. In the background appear the heavy steel buttresses that formed the prestressing bed for the fabrication of the pretensioned beams.
Instrumentation
Instrumentation measured the applied load, beam deflections, and strand end slips. These data were measured electronically and stored by the data acquisition system. Load was measured from an electronic load cell at the point of load application. Deflection and end slips were measured by linear potentiometers. All of the electronic instruments were calibrated prior to testing. thus, even very small strand slips were detected. Top fiber concrete strains were measured in the constant moment region for each test using mechanical strain gauges.
End slips were measured on seven of the eight strands, including the four debonded strands, B , D, F and G. Strand E was the only strand not monitored for end slip due to geometric constraints at the ends of the beams.
Test Procedure
The beams were loaded statically until failure. Load was increased at regular increments by increasing the hydraulic pressure supplied to the ram. Data were taken and measurements were recorded at each load increment in approximately 2.0 to 5.0 kip (8.9 to 22.2 kN) increments until cracking. Cracking loads and crack locations were noted and recorded. After cracking, the load was increased in smaller increments.
Any special behavior was noted and crack patterns were marked with a broad ink marker on the specimen . Significant end slips were noted and recorded. Failure was defined by the September-October 1994 beam 's inability to sustain load through increasing deformations. Flexural failures resulted when the top flange of the beam failed in compression. Anchorage failures resulted in general slip of the strand relative to the concrete and a sudden loss of capacity.
Beams DB850-3 and DB850-4 were tested twice, once at each end. The first test on a specimen is designated Test A while the second test is designated Test B. Two tests were possible on these beams because Test A did not damage the anchorage zone at the opposite end of the beams. In the cases of Beams DB850-5 and DB850-6, the longer development length requirements precluded an effective second test.
TEST RESULTS
In reviewing results from the tests, the mode of failure is the primary indicator of anchorage performance. Two types of failures were observed in this series of tests, flexural failure and bond, or anchorage, failure . Flexural failures were evidenced by crushing of the concrete after yielding of the strand and were characterized by the ability of the beams to resist the nominal flexural moment, combined with the ability to sustain that load through large deformations. Therefore, two criteria, capacity and ductility, were required to classify a failure as a flexural failure. By meeting the criteria of capacity and ductility, a beam demonstrates a predictable load capacity with reasonable warning before collapse, and thereby provides a safe and reliable structure.
Anchorage failures, also called bond failures, were characterized by general slip of one or more strands through the concrete, as measured from the end of the beam . Additionally, anchorage failures typically were unable to develop the nominal flexural capacity of the beam. Interestingly , anchorage failures on beam s with debonded strands are ductile failures because the strands that are fully bonded are capable of developing the strand tension required to yield the strand.
Test results are shown in Tables 3  and 4. Table 3 summarizes the failure mode for each test and compares the embedment length, Le, to the required development length, Ld. The embedment length is measured from the debond termination point to the point of maximum moment. Ld is calculated using AASHTO Eq. (9 -32) (ACI Section 12.9). Table 4 compares the maximum moment at failure, Mu, with the calculated nominal capacity. In cases of flexural failure, the tested maximum moment nearly equals or exceeds the calculated flexural capacity. If a beam's ultimate capacity at failure does not approach the nominal flexural capacity of the section and significant strand slips have occurred, then anchorage failure of the strands is indicated. Note that even in extreme cases of obvious bond failures , the section still achieves a very large percentage of the nominal capacity. The cracking patterns for Test DB850-3A are illustrated in Fig. 13 and a photograph of the bea m is show n in Fig. 14 . Note the cracks at Stations 88 and 96. Upon formation of these cracks, Strands B and G were observed to slip . These two strand s were the only strands affected by the cracki ng. The other two debonded strands, Strands D and F, were unaffected becau se their transfer zo ne began at Station 39 and theoretically ended at Station 64. None of the other strands slipped and the beam continued to resist load.
Despite the appearance of flexural failure, this beam failed due to loss of anchorage for the debonded strand. Its failure is classified as a bond fail ure because the failure load was significantly less than its nominal flexural capacity. Test DB850-3A failed at a load of 69.6 kips (309 kN) , resulting in a maximum applied moment of 5358 kip-in. (591 N-m) , only 91 percent of the calculated nominal capacity. Note that the dead load moment for this test was 116 kip-in. (13 N-m) at the center of the span and its inclusion does not significantly affect the result.
Beam 08850-4, TestA
Beam DB850-4 also contained four debonded strands with a staggered cutoff pattern. However, the embedment length for Test DB850-4A was 120 in. Flexural cracking did not extend into the transfer zone of the debonded strands and no significant end slips were observed . The nearest flexural crack from the support was located at Station 118. The photograph in Fig. 16 illustrates the flexural cracking patterns observed in this and other flexural failures . 
Tests 08850-38 and 08850-48
Tests DB850-3B and DB850-4B also used debonded lengths of 78 in. Although considered flexural failures, Strands B and G did experience some slipping. For Test DB850-4B at fail ure, the total slip for Strand B was 0.28 in. (7.1 mm) and the total slip for Strand G was 0.12 in. 
Beam 08850-5, Test A
Beam DB850-5 contained four debonded strands in a concurrent cutoff pattern, meaning that all debonding terminated 78 in. (1.98 m) from the beam 's end. Test DB850-5A had an embedment length, Le, of 120 in. (3.1 m) . As noted above, Test DB850-4A, at an embedment length of 120 in. (3.1 m) , proved adequate for development of the debonded strands. However, Beam DB850-5 had concurrent debonding compared with the staggered debonding of Beam DB850-4.
The beam in Test DB850-5A failed due to the bond failure of debonded strands. The plot of load vs. deflection and end slip is shown in Fig. 19 . Flexural cracking was initiated at a load of 51.8 kips (230.4 kN), about 1 percent larger than the calculated cracking moment. As load increased , cracking extended toward s the debond/ transfer zone. At a load of 77.8 kips (346.1 kN), flexural cracks propagated through the debond transfer zone. Initial strand slips were caused by the crack that formed at Station 80. First flexural cracking occurred at 31.3 kips (139 kN) , approximately equal to the predicted cracking load. 
Deflection (in)
.eCi) This also corresponds to the station where initial cracking in the debond/ transfer zone is predicted by the behavioral model. The crack pattern of Test DB850-6A is shown in Fig. 21 . In the photograph, the crack at Station 78 is separated from the region of primary cracking by a wide distance. This cracking pattern exemplifies the reduced Mer resulting from debonded strands. End slips coincided with the formation of the crack at Station 78 .
DISCUSSION OF RESULTS

Prediction of Cracking
Success of the prediction model is dependent upon the ability to predict the formation of cracks. In Table 5 , the first occurrence of flexural cracking is compared to the calculated value. Altogether, there were six test cases. First cracking occurred at moments ranging from a low of 97 percent to a high of 104 percent of the calculated value. The average cracking moment was 100.5 percent of the calculated value, demonstrating very close agreement with the theoretical computation. The cracking moment was calculated based on an effective prestress force of 160 ksi (1100 MPa), a concrete strength of 6000 psi (41 MPa) and a modulus of rupture equivalent to 7. 5 -,}!; . The values for Me,. are given in Table 5 . Table 6 reports the incidence of initial strand slip. In every case, the initial strand slips corresponded with the incidence of cracking through or near the transfer zone of the strands. These results clearly demonstrate that cracking precipitates bond slip. This is an important result, suggesting that bond anchorage can be ensured by designing debonding patterns so that cracking will not affect the debond/transfer zone of pretensioned strands.
Effects of Cracking on Bond Slip
For 
Strand Slips and Flexural Failure
In several of the tests, it is noted that small strand slips occurred without complete bond failure. This parallels results found in the literature and also results from the fully bonded development length tests .' .. ·'·' 2 For example, Specimen DB850-3B, shown in Fig.  17 , was able to achieve flexural failure despite 0.28 in. (7 .1 mm) of slip on Strand B. Res ults simjlar to this were common in tests performed on beams wjth fully bonded strands.'·'• Results from these tests and others indicate that strands have the ability to develop the required tension even if some bond sli p does occur.
It should also be noted that many of these tests had embedment lengths September-October 1994 very near the borderline separating expected failure modes . As such, any cracking in the transfer zones occurred at loads very near the nominal capacity and hybrid type fai lures could be expected. In those cases, the debonded strands may have developed the tension necessary to produce the nominal flexural capacity. Also, the additional tension required by small increases in flexural load may distribute to the fully bonded strands whose anchorage is unaffected by cracking in the debond/transfer zone. This would explain results from Rabbat et al. ' and from Dane and Bruce 12 where significant strand slips were measured, but the beams were able to develop the ultimate load.
Comparison of Results with Predicted Behavior
A model was developed to predict bond failure of pretensioned concrete beams made with debonded strands. The premise for the model is that strand anchorage is likely to fail when 74 cracks propagate through the transfer zone of a strand. By predicting the formation of cracks, bond failure is also predicted.
In Fig. 22 , the test results are overlaid on the prediction model of Fig. 7 . From the figure, it can be seen that the behavioral model accurately predicts the failure modes of the beams made with debonded strands. For beams with staggered debonding, the behavioral model predicted flexural failure for embedment lengths in excess of 100 in. (2.54 m) and anchorage failures for embedment lengths less than 100 in. (2.54 m) .
Of Overall, the test results show very close agreement with the prediction model, demonstrating that the prediction of cracking within the debond/ transfer zone of a pretensioned strand is an accurate predictor of subsequent failure.
Staggered Debonding vs. Concurrent Debonding
These tests clearly demonstrate that beams with staggered debonding can outperform beams with concurrent debonding. As an example, two tests, DB850-4A and DB850-5A, were constructed with exactly the same debonded length, Lb, and tested to the same embedment length, Le. However, Beam DB850-4 had staggered debonding while Beam DB850-5 had concurrent debonding.
Becau se of staggered debonding, Beam DB850-4 had greater resistance to flexural cracking over most of the debond/transfer zone. As the load increased on Test DB850-5A, the applied moment exceeded Mer at the transfer zone of the debonded strands. Formation of flexural cracks within the debond/transfer zone caused the strands to slip and anchorage was destroyed. As a result, the beam failed in bond.
Conversely, in Test DB850-4A, the applied moment never exceeded Mer in the debond/transfer zone. The beam's ultimate flexural capacity was reached before cracking could occur within the debond/tran sfer zone. Consequently, the beam failed in flexure . Comparison of these two tests demonstrates that staggered debonding will improve behav ior over concurrent debonding, primarily because the beam exhibits greater resistance to cracking.
Comparison to Code Provisions
This research indicates that the current code provisions may be too restrictive in some cases. Many of these tests used embedment lengths that did not conform to the code requirement for twice the basic development length. Yet these strands demonstrated their ability to maintain bond integrity and strand anchorage. The most ex- Perhaps more importantly, these test results demonstrate that current code provisions do not establish an accurate model for the behavior of beams with debonded strands. Consequently, current code provisions are, at best, misleading and could result in unsafe designs. The test results do not verify the current code provisions because the embedment length required to prevent bond failure is dependent on factors other than the embedment length of the strand.
These tests also indirectly indicate that current code provisions may allow unsafe designs. For example, consider a simply supported pretensioned girder bridge spanning 100 ft (30.5 m) . Current code provisions would require an embedment of 160 in . (4 .1 m) and allow debonding to extend to approximately 37 ft (11.3 m) from the support. Clearly, the tran sfer zone of these debonded strands would be affected by flexural cracking caused by application of large loads. Therefore, such debonded strands may be unable to develop the strand tension required to support ultimate loads. Lower bridge capacity may result.
Fortunately, an accurate prediction of failure mechani sms is po ssi ble through the prediction of cracking in the debond/tran sfer zone. From the prediction model , a safe and reliable design procedure can be developed to ensure the adequate development of debonded prestressing strands. These tests demonstrate that strand development is a function of the beam geometry, the length of debonding, and the pattern of debonding, in addition to the embedment length of the strand. Furthermore, the behavior of debonded beam s can be accurately predicted based on the prediction of cracking in the debond/transfer zone. If a beam is designed so that the debond/transfer zone is unaffected by cracking, then the debonded strands are likely to develop the tension required to develop nominal flexural capacity . For most simply supported beams , flexural cracking in the debond/transfer zone is effectively eliminated if the debond length does not extend from the end of the beam more than 15 percent of the span.
It is important to note the differences in the bond behavior of strands whose debonding is staggered compared with strands whose debonding is concurrent. If strands are concurrently debonded, then the required development length is much greater than if the debonding were staggered . Current code provisions make no distinctions or requirements concerning staggering the debond terminations. This research indicates that staggered debonding should either be required by code language, or better yet, encouraged by code provisions that are more closely related to behavior.
Finally , these tests illustrate that code provisions governing the use of debonded strands should be restructured to reflect the behavior of the beams themselves. These tests clearly demonstrate the relationship between cracking and subsequent bond failures that should be developed into code expressions.
CONCLUSIONS
1. Anchorage failures of debonded strands can be accurately predicted using the behavioral model developed in these tests; anchorage failure is pre-dieted by the prediction of cracking through the transfer zone of debonded strands.
2. The formation of flexural cracking through the transfer zone of debonded strands causes the affected strands to slip, negatively affecting strand anchorage and leading to bond failure. The result is a loss of prestress and a reduction in the ultimate flexural capacity of the beam.
3. Flexural cracking is predictable based on crack formation at a bottom fiber stress equal to the modulus of rupture, 7.5 / J: . 4 . Bond failures in beams with debonded strands resulted in ductile failures, even though their nominal capacity is reduced by anchorage failure.
5. Current ACI and AASHTO Code provisions do not adequately reflect behavior and may lead to unsafe designs. Code provisions should be restructured to accurately reflect the relationship between cracking and anchorage failures .
6. The behavior of beam s made with debonded strands is predictable and reliable. Therefore, the use of debonded strands should be considered safe, provided the transfer zone of debonded strands is not allowed to extend into regions where cracking will occur at ultimate limit states.
7. In general, staggered debonding should be employed; concurrent debonding may lead to premature anchorage failures. Concurrent debonding results in a lower cracking moment in the debond/transfer zone when compared with staggered cutoff points. Consequently, concurrent debonding can lead to bond failures where staggered debonding will not.
RECOMMENDATIONS
1. Debonded strands may be employed as an alternative to draped strands; however, the debond/transfer zone should not extend into regions of flexural cracking. In simply supported beams, strand debonding should be terminated within 15 percent of the 76 span length, measured from the end of the beam.
2. Debond termination points should be staggered to increase the beam's resistance to cracking in the debond/transfer zone.
3. Code provisions should be restructured to reflect the relationship between cracking and anchorage failures, and to more accurately reflect the behavior of beams made with debonded strands.
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